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ABSTRACT: Herein, we show that group 11 CO2 reduction catalysts are rapidly poisoned by progressive deposition of trace metal 
ion impurities existent in high purity electrolytes. Metal impurity deposition was characterized by XPS and in situ stripping volt-
ammetry and is coincident with loss of catalytic activity and selectivity for CO2 reduction, favoring hydrogen evolution on poisoned 
surfaces. Metal deposition can be suppressed by complexing trace metal-ion impurities with ethylenediaminetetraacetic acid or 
solid supported iminodiacetate resins. Metal ion complexation allows for reproducible, sustained catalytic activity and selectivity 
for CO2 reduction on Au, Ag, and Cu electrodes. Together, this study establishes the principle mode by which group 11 CO2 re-
duction catalysts are poisoned and lays out a general approach for extending the lifetime of electrocatalysts subject to impurity met-
al deposition.  
1 .  IN TR O D U CT IO N   
Catalytic reactions are highly sensitive to the presence of 
impurities. Trace constituents in the reaction medium can have 
an outsized effect on reaction efficiency and selectivity by 
interfering with the active species or mediating turnover by 
themselves. For example, metal and halide contaminants pro-
mote and poison product activity and selectivity in a myriad 
array of heterogeneous reactions1–4, have led to serendipitous 
catalyst discovery in organic synthesis5,6, and can dramatically 
alter enzymatic activity7–9. 
Trace impurities also play a dominant role in electrochemi-
cal energy catalysis. For example, trace Co2+ impurities have 
lead to false-positives in the development of molecular oxygen 
evolution reaction (OER) catalysts10 and trace iron11,12 and 
platinum13 impurities have been shown to enhance the OER on 
heterogeneous catalysts. Likewise, Pt surfaces are readily poi-
soned for the oxygen reduction reaction (ORR) by various 
impurities14 whereas “metal-free” ORR activity has been as-
cribed to trace metal impurities.15 Trace metal impurities have 
also been shown to convolute the facet-dependence of hydro-
gen evolution reaction (HER) activity on Au surfaces.16  
The electrochemical reduction of CO2 to fuels is of growing 
interest because it provides an attractive platform for the stor-
age of intermittent renewable energy in energy dense chemical 
bonds.17–19 Relative to other energy conversion reactions such 
as ORR, OER, and HER, CO2 reduction (CDR) is particularly 
sensitive to surface structure and composition because of the 
myriad array of CDR products thermodynamically accessible 
over a narrow potential range.20–22 The development of practi-
cal CDR catalysts requires unparalleled control over product 
selectivity, which can be easily compromised by impurities 
that interact with or irreversibly alter the surface.  
Group 11 metal surfaces are regarded as the most promising 
heterogeneous catalysts for this reaction because they display 
low to moderate overpotentials for CO production, and, in the 
case of copper, generate higher order products including me-
thane and ethylene.23–31 However, planar group 11 metal sur-
faces are known to lose their catalytic activity and selectivity 
for CO2 reduction over the time scale of minutes to hours un-
der steady state electrolysis.22,32–37 For example, copper surfac-
es lose one-half of their catalytic activity for methane produc-
tion within 20 min of polarization,33,35 and CO production 
selectivity on Au32 and Ag34 decreases within minutes of elec-
trolysis. Despite posing a clear obstacle to practical implemen-
tation of CO2 reduction technologies, the mechanistic basis for 
this activity loss remains poorly understand.  
Researchers have posited that the deactivation is due the 
deposition of trace metal ion22,35 or organic impurities35 in the 
electrolyte, and others have suggested that this is activity loss 
is unavoidably, resulting from the accumulation of catalytic 
intermediates that poison the surface over time22,33,38–41. Based 
on these hypotheses, contemporary strategies to prolonging 
catalyst lifetimes include periodic oxidative pulsing of the 
electrode to remove adsorbed organics32–34 and long-term (>9 
hrs) pre-electrolysis using a sacrificial electrode to scavenge 
trace metal ion impurities in the electrolyte.35 The former is 
impractical because it progressively alters the catalyst surface 
structure42, and pre-electrolysis has been shown, in many cas-
es, to be ineffective43,44 and irreproducible,33,34 and is both 
energy and time intensive. We note that high surface elec-
trodes37,38,44,45 should exhibit reduced sensitivity to trace impu-
rities, but these systems are difficult to probe mechanistically, 
due to their complex morphology and structure. Thus, the sys-
tematic development of new CDR catalysts would benefit 
from a clear understanding of the principle CDR deactivation 
mechanism on these surfaces and the development of simple 
strategies for sustaining catalyst activity and selectivity over 
time.  
Herein, we demonstrate, unambiguously, that metal ion 
deposition is the principle mode of catalyst deactivation for 
Cu, Ag, and Au metal surfaces and show, for the first time, 
that catalyst deactivation can be entirely eliminated by irre-
 versibly coordinating trace metal ions in situ with ethylenedi-
aminetetraacetic acid (EDTA) or ex situ with a solid-supported 
iminodiacetate resin. The high binding affinity46 and rapid 
complexation kinetics (k1≈1010 M−1s−1)47–50 of EDTA and solid 
phase analogues make this a general strategy for maintaining 
high CDR activity over time, regardless of structure of the 
catalyst.  
2 .  R E SUL T S  A N D  D IS C U S S IO N   
Group 11 Surfaces Accumulate Impurity Metal Poisons 
During CO2 Reduction Catalysis. To characterize the purity 
of group 11 surfaces following CDR catalysis, we analysed 
electrodes by X-ray photoelectron spectroscopy (XPS) follow-
ing electrolysis in unpurified CO2-saturated 0.1 M NaHCO3 
(Ci) electrolyte (full experimental details, including solution, 
electrode and electrochemical cell preparation, are available in 
the SI). Despite using 18 MΩ cm water and electrolyte salts of 
the highest purity (99.9999%, Aldrich TraceSELECT) availa-
ble commercially, XPS of copper rotating disk electrodes fol-
lowing 45 min of electrolysis at potentials typical for selective 
CO2 reduction, (−1.0 V, all potentials are quoted versus the 
reversible hydrogen electrode, RHE), reveals the build-up of 
zinc and lead impurities (Figures 1A and S1). Similarly, pro-
longed electrolyses of silver (−0.9 V) and gold (−0.7 V) rotat-
ing cone electrodes reveal the accumulation of zinc and copper 
impurities, (Figures 1B, C and S1). Previous studies conducted 
at similar electrolysis potentials were unable to detect trace 
metal impurity signals via XPS.25 Our use of a rotating elec-
trode serves to accelerate the rate of diffusion-limited metal 
deposition, increasing the surface impurity population (see SI 
calculation). These XPS results indicate that all group 11 met-
al surfaces are subject to contamination via impurity deposi-
tion even in cases where high purity electrolytes are employed. 
These results are in line with the relatively high thermodynam-
ic M2+/0 redox potentials for Cu2+(0.75 V) and Pb2+(0.28 V) 
and Zn2+ (−0.35 V)51 under CDR conditions and the detection 
of µM concentrations of Zn2+ by Inductively Coupled Plasma 
Mass Spectrometry. Given that the thermodynamic potentials 
for metal deposition are close to or positive of the thermody-
namic potentials for CDR catalysis, we expect that impurity 
deposition will also occur on high surface area group 11 cata-
lysts that operate at lower CDR overpotentials, albeit at slower 
rates.  
To gain further insight into changes in surface composition 
during CDR catalysis, we characterized electrodes via cyclic 
voltammetry (CV) immediately following (~1 s time delay) 
reductive polarization. The first CV sweeps recorded after 
short (15 min) and prolonged (>45 min) CDR catalysis in na-
tive Ci electrolyte reveal a progressive rise, Figure S2A, in 
broad oxidative features at −0.22 V and 0.26 V for Cu, Figures 
1D (green). Likewise, for Ag electrodes, we observe a contin-
uous rise, Figure S2B, in broad oxidative features at −0.25 V 
and 0.50 V, Figures 1E (green). A similar experiment on Au 
reveals a rise, Figure S2C, of features at 0.11 V, 0.50 V, and 
0.85 V with the appearance of distinct shoulders upon longer 
electrolysis, Figure 1F (green). These features are not ob-
served prior to CDR catalysis (Figure S2A-C, black) or upon 
subsequent cycling of the electrode after CDR catalysis. To-
gether, the observations suggest that these waves originate 
from irreversible oxidative stripping (M0à Mn+ + ne−) of im-
purity metals electrodeposited on Cu, Ag, and Au surfaces 
during CDR catalysis.   
To assign these stripping waves to metal ion impurities, we 
collected CV traces following CDR in Ci electrolyte, contain-
ing 50µM of various M2+ salts of metals detected via XPS. 
This intentional introduction of an impurity metal ion allows 
us to probe the stripping behaviour of a single M2+ candidate 
under experimental conditions relevant to CDR catalysis. For 
Cu electrodes polarized at CDR potentials in Zn2+ containing 
electrolytes, the first CV scan following CDR catalysis reveals 
a broad Zn stripping feature at −0.30 V, Figure S3A (red), in 
line with one oxidative wave, at −0.22 V, Figure 1D (green), 
Figure 1.	  Surface chemistry following CDR catalysis on group 11 metal surfaces. Narrow scan X-
ray photoelectron spectra of Cu (A), Ag (B), and Au (C) rotating electrodes before (black)  catalysis 
and after 45 min of CDR catalysis in native Ci electrolyte (green) and EDTA-containing electrolyte 
(red). Cyclic voltammetry traces of rotating electrodes at 2500 RPM in native Ci electrolyte (green) 
or EDTA-containing Ci electrolyte (red) after (D) 120 min of CDR catalysis at −1.00 V on Cu; (E) 45 
min of CDR catalysis at −0.90 V on Ag; and (F) 45 min of CDR catalysis at −0.70 V on Au. In all 
cases, CV scans were recorded at 50 mV s−1 scan rate with a positive direction of scan.	  
 observed for CDR performed in native Ci electrolyte. An anal-
ogous experiment performed with Pb2+ containing electrolyte 
reveals oxidative features at 0.15 V and 0.26 V (Figure S3A, 
blue), attributed to stripping of bulk and underpotential depos-
ited (UPD) lead on Cu, as previously characterized in acidic 
electrolytes.52 Consistent with the low concentrations of Pb in 
native Ci electrolyte (Table S1), the stripping feature observed 
in Figures 1D (green) matches the UPD stripping potential of 
0.26 V in Figure S3A (blue). Together these results indicate 
that Cu is susceptible to progressive fouling by Zn and Pb 
deposition during CDR catalysis.  
Similar experiments conducted with Ag and Au working 
electrodes in Zn2+ containing electrolytes reveal Zn stripping 
features at −0.35 V and −0.23 V for Ag (Figure S3B, red), and 
at −0.10 V and 0.12 V for Au (Figure S3C, red). In both cases, 
the more positive peak is attributed to Zn UPD stripping fea-
tures,53–55 which match the stripping waves at −0.25 V on Ag 
(Figure 1E, green) and 0.11 V on Au (Figure 1F, green) ob-
served following CDR in native Ci electrolyte. Analogous 
experiments performed with Ag and Au electrodes in Cu2+ 
containing electrolytes reveal broad stripping features at 0.50 
V and 0.60 V for Ag (Figure S3B, green), and 0.65 V and 
0.85V for Au (Figure S3C, green). These features are close to 
the stripping waves observed at 0.50 V on Ag (Figure 1E, 
green), and 0.56 V and 0.85 V on Au (Figure 1F, green) fol-
lowing CDR in native Ci electrolyte. Slight differences in po-
tentials may be due to alloying of co-deposited Cu and Zn 
from native Ci electrolytes,56 as opposed to the deposition of 
Cu alone from Cu2+ enriched electrolytes. Stripping features 
for other common first row transition metals, such as Fe and 
Ni, would be expected to occur at values less positive than that 
of Cu,51,57leading us to assign the aforementioned peaks to Cu 
stripping. Together with XPS data, analysis of stripping volt-
ammograms demonstrates that group 11 electrodes are suscep-
tible to fouling by Pb, Zn, and Cu deposition during CDR ca-
talysis.  
Chelation Inhibits Impurity Deposition and Enables Sus-
tained CO2 Reduction Catalysis. Impurity metal deposition 
leads to dramatic changes in CDR selectivity on group 11 
catalysts. At −0.70 V, CO production on polycrystalline Au 
foil electrodes operated in native Ci electrolytes commences 
with ~60% Faradaic efficiency but declines to ~10% over the 
course of 2 hours (Figure 2A, black squares, error bars shown 
in Figures 2-4 are the standard deviation of three independent 
measurements) consistent with literature reports.32,34 The large 
error bars observed for electrolyses performed in native Ci 
electrolyte reveal a high degree of run-to-run variability, con-
sistent with trace metal impurities strongly influencing catalyt-
ic efficiency. Catalyst deactivation for CO production is ac-
companied by a rise, from ~23% to ~77%, in Faradaic effi-
ciency for the hydrogen evolution reaction (HER). The ob-
served CO and H2 account for ~90% of the steady state cur-
rent, and no other gas phase products (see SI for experimental 
details) were detected, suggesting that solution phase products, 
such as formate,23 may account for the balance. Notwithstand-
ing, CDR selectivity is progressively eroded over time for 
electrolysis performed from native Ci electrolyte. In order to 
supress the observed deactivation, we employed established 
preelectrolysis methods35 to clean the electrolyte. In our hands, 
this method proved ineffective, leading to similar deactivation 
in CO production Faradaic efficiency from ~40% to ~16% 
(Figure S4).  
Seeking an alternative to preelectrolysis methods, we envi-
sioned that introducing EDTA to Ci electrolytes would prevent 
metal deposition, thereby, enhancing long-term catalysis. CV 
scans of a Au electrode recorded immediately following 45 
minutes of CDR catalysis in Ci electrolyte containing 3.4 µM 
EDTA (Figure 1F, red) do not exhibit the Zn and Cu stripping 
features observed for the same experiment conducting in the 
absence of EDTA (Figure 1F, green). We also do not observe 
Zn and Cu features by XPS after 45 min of CDR catalysis in 
EDTA-containing electrolyte (Figure 1C, red), indicating an 
impurity free surface. A broad oxidative feature is observed 
beginning at 0.60 V (Figure 1F, red), which we attribute to the 
oxidation of surface adsorbed CO formed during electrolysis.58 
We speculate that in untreated electrolytes, this weak feature is 
masked by the copper stripping wave.  
In line with the absence of metal fouling observed by CV, 
we find that ex situ and in situ metal ion chelation significantly 
attenuates catalyst deactivation. Au electrodes display sus-
tained CDR activity when operated in Ci electrolyte containing 
3.4 µM EDTA (Figure 2A, red circles). The concentration of 
EDTA was chosen based on the M2+ impurity concentration 
measured by ICP-MS of native Ci electrolyte. The initial Fara-
daic efficiency for CO production is ~80% with only a slight 
decay to ~70% after two hours of steady state electrolysis. 
Further enhancement in catalytic activity is afforded by purifi-
cation of Ci electrolyte with solid-supported iminodiacetate 
resin (Chelex) prior to electrolysis; CO production on Au is 
sustained at ~80% over two hours (Figure 2A, blue triangles). 
In addition, the use of EDTA-containing or Chelex-treated Ci 
electrolyte enables greater reproducibility in product selectivi-
ty and catalyst activity, as evidenced by tighter errors bars 
Figure 2.	   Faradaic efficiencies for CDR and HER product for-
mation on gold foil in electrolytes of varying purity. Activity of 
Au for CO (A) and H2 (B) formation at −0.70 V in native Ci electro-
lyte (black squares), Ci electrolyte containing 3.4 µM EDTA (red 
circles), and Chelex-treated Ci electrolyte (blue triangles).	  
 
Figure 3: Faradaic efficiencies for CDR and HER product for-
mation on silver foil in electrolytes of varying purity. Activity of 
Ag for CO (A) and H2 (B) formation at −0.90 V in native Ci electro-
lyte (black squares), Ci electrolyte containing 3.4 µM EDTA (red 
circles), and Chelex-treated Ci electrolyte (blue triangles). 
 compared to the data obtained from native Ci electrolyte. Fur-
thermore, the sustained CDR selectivities for Au are reflected 
in sustained partial current densities for CO (Figures S5A) and 
H2 production (Figure S5B), indicating that impurity chelation 
provides for sustained intrinsic rates of product formation. 
Upon treatment of the electrolyte with either EDTA or Chelex, 
the current densities for CO production remains high (1.2 
mAcm–2) relative to HER (0.1 mAcm–2). Taken together with 
the CV and XPS data highlighted above, these results suggest 
that impurity metal deposition over the course of CDR cataly-
sis is the principal source of electrode deactivation on Au. 
Silver electrodes display similar deactivation profiles when 
operated in native Ci electrolyte. At −0.90 V, CO production 
on Ag in native Ci electrolyte commences with ~50% Faradaic 
efficiency but declines over the course of two hours to ~33% 
(Figure 3A, black squares). This deactivation is accompanied 
by a corresponding rise from ~38 to ~52% in current going to 
the HER over the same period. Similar to the results observed 
on Au, following 45 minutes of CDR catalysis in Ci electrolyte 
containing 3.4 µM EDTA, no stripping waves are observed by 
CV (Figure 1E, red) and XPS spectra show no Zn or Cu peaks 
(Figure 1B, red), indicating a metal impurity free surface. The 
trailing cathodic feature ending at −0.15 V is attributed to re-
sidual catalytic current, and is not observed in subsequent 
scans.  
Consistent with the CV data, EDTA enables sustained and 
improved CO production, commencing at ~58% and declining 
only slightly to 52% after two hours of electrolysis (Figure 3B, 
red circles). As for Au, further enhancements in long-term 
catalytic activity are observed for Ci electrolytes purified by 
treatment with Chelex prior to electrolysis: CO production on 
Ag is sustained at ~60% over the entire two-hour period (Fig-
ure 3A, blue triangles). Consistent with the retention in FE, the 
total currents for product formation are preserved at 0.65 mA 
cm–2 for CO (Figure S6A) and at 0.4 mA cm–2 for H2 for-
mation (Figure S6B). The error bars for the Ag data are large 
possibly due to variance in the sulfuric acid etching treatment 
prior to each run. As for Au electrodes, these results suggest 
that impurity metal deposition during CDR catalysts is the 
principal source of deactivation of Ag electrodes.  
Copper electrodes display complex deactivation profiles 
when operated at −1.00 V in native Ci electrolyte. At early 
times, the principal gas phase CDR product is C2H4 with 
~12% Faradaic efficiency, Figure 4C. However, after two 
hours of electrolysis this C2 product is not observed at all. 
Similarly, CH4 production commences at ~7% Faradaic effi-
ciency, but is not observed after two hours of electrolysis, 
Figure 4A. The decline in selectivity for higher order CDR 
products is accompanied by a rise in H2 production yield from 
~65% to ~85%, Figure 4D. These results are consistent with 
previous reports of Cu at similar potentials.35 Over the same 
time period, the minority production of CO, ~5%, remains 
constant within error over the two hour electrolysis period, 
Figure 4B. We only examine gas phase products in this study, 
and note that copper also mediates the production of liquid 
products including ethanol, propanol and formate,23 under 
these conditions.  
The data obtained in the case of Cu differ from those col-
lected when using Ag and Au; we do not observe enhanced 
long-term CDR activity on Cu electrodes operated in EDTA 
containing Ci electrolyte. The deactivation profiles for C2H4 
and CH4 production as well as the rise in H2 production are 
similar to that observed for native Ci electrolyte (Figures 4A, 
4C, 4D, red circles). Surprisingly, the introduction of EDTA to 
the electrolyte promotes a decline in CO production Faradaic 
efficiency from ~5% to ~0% over the course of two hours, 
Figure 4B. While these observations seem to imply that EDTA 
is ineffective at preventing metal deposition on Cu electrode 
surfaces, voltammetry scans recorded immediately following 2 
hours of electrolysis in the presence of EDTA do not display 
any stripping waves (Figure 1D, red), and XPS spectra record-
ed following electrolysis show no Zn or Pb peaks (Figure 1A, 
red), suggesting a metal impurity free surface. The trailing 
cathodic feature ending at 0.00 V is attributed to residual cata-
lytic current, and is not observed in subsequent scans. Based 
on these results, we propose that the observed inefficacy of 
EDTA in preventing CDR deactivation on Cu may result from 
direct interaction of the chelator with the surface and/or chela-
tor-induced surface restructuring. Interestingly, the rise in CO 
production observed for Cu operated in native Ci electrolyte, 
which is not seen in EDTA-containing Ci electrolyte, suggests 
that Pb or Zn metal deposition, observed by XPS (Figure 1A) 
and CV (Figure 1D), may promote release of CO intermedi-
ates from Cu surfaces.  
The observed deactivation of Cu electrodes can, however, 
be eliminated by pre-treatment of Ci electrolyte with Chelex. 
The principal CDR product is CH4 with ~20% Faradaic effi-
ciency sustained over two hours (Figure 4A, blue triangles). 
Similarly, C2H4 and CO production is sustained at ~5% (Fig-
ure 4C, blue triangles) and ~2% (Figure 4B, blue triangles), 
respectively, over the same time period. It appears that remov-
al of metal ion impurities from the electrolyte alters product 
selectivity even at early reaction times, as shown by the sub-
stantial enhancement in methane yield and corresponding de-
crease in C2H4 Faradaic efficiency.   
Importantly, the sustained CDR selectivities described 
above for Cu are reflected in sustained partial current densities 
for CO2 reduction products, including CH4 (Figure S7A), CO 
Figure 4: Faradaic efficiencies for CDR and HER product for-
mation on copper foil in electrolytes of varying purity. Activity of 
Cu for CH4 (A), CO (B), C2H4 (C) and H2 (D) formation at −1.00 
V in native Ci electrolyte (black squares), Ci electrolyte containing 
3.4µM EDTA (red circles), and Chelex-treated Ci electrolyte (blue 
triangles). 
 (Figure S7B), C2H4 (Figure S7C), and H2 (Figure S7D). These 
results indicate that impurity chelation provides for sustained 
intrinsic rates of CDR product formation. Thus, the methods 
described here may prove particularly valuable for detailed 
studies of CDR that require temporal fidelity of the catalyst 
surface.  
3 .  C O N CL U S IO N S  
In summary, we have shown that the commonly observed 
activity loss of group 11 catalyst for CDR arises principally 
from impurity metal deposition. Additionally, we have shown 
that impurity metal deposition can be reduced or eliminated by 
chelation with EDTA or electrolyte purification via treatment 
with a solid-supported metal chelating resin. The results high-
light the extremely high sensitivity of CDR to metal ion impu-
rities and the value of post-electrolysis CVs in diagnosing 
impurity-assisted fouling. The simple approach described here 
establishes an accessible general protocol for evaluating CO2 
reduction and other fuel forming electrocatalysts under condi-
tions that preserve the fidelity of the native surface.  
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